Impact of Equipment Failures and Wind Correlation on Generation
  Expansion Planning by Pineda, Salvador et al.
ar
X
iv
:1
40
6.
59
23
v1
  [
ma
th.
OC
]  
23
 Ju
n 2
01
4
Impact of Equipment Failures and Wind Correlation on Generation
Expansion Planning
S. Pinedaa,∗, J.M. Moralesa, Y. Dinga, J. Østergaarda
aTechnical University of Denmark, Elektrovej 325, 2800 Kgs. Lyngby, Denmark
Abstract
Generation expansion planning has become a complex problem within a deregulated elec-
tricity market environment due to all the uncertainties affecting the profitability of a given
investment. Current expansion models usually overlook some of these uncertainties in order
to reduce the computational burden. In this paper, we raise a flag on the importance of both
equipment failures (units and lines) and wind power correlation on generation expansion de-
cisions. For this purpose, we use a bilevel stochastic optimization problem, which models
the sequential and noncooperative game between the generating company (GENCO) and
the system operator. The upper-level problem maximizes the GENCO’s expected profit,
while the lower-level problem simulates an hourly market-clearing procedure, through which
LMPs are determined. The uncertainty pertaining to failures and wind power correlation
are characterized by a scenario set, and their impact on generation expansion decisions are
quantified and discussed for a 24-bus power system.
Keywords: generation expansion, optimal location, bilevel programming, stochastic
programming, market clearing.
1. Notation
1.1. Indexes and sets
b Index of load blocks.
g/g′ Index of existing/new conventional generating units.
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n,m Index of buses.
s Index of scenarios.
w/w′ Index of existing/new wind farms.
y Index of year of the planning horizon.
Γ Set of existing wind farms owned by GENCO.
Θn Set of wind farms connected to bus n.
Φ Set of existing conventional generating units owned by GENCO.
Ψn Set of conventional generating units connected to bus n.
Ωn Set of buses connected to bus n.
1.2. Constants
Bnm Susceptance of line connecting buses n and m (p.u.).
CIg′/w′ny Annualized investment cost of building unit g
′/w′ at bus n in year y ($).
CPg/g′ Production cost of conventional generating unit g/g
′ ($/MWh).
kg/g′s Status of unit g/g
′ in scenario s (1 if available, 0 otherwise).
knms Status of line n−m in scenario s (1 if available, 0 otherwise).
Lb Load percentage (with respect to peak load) of block b (p.u.).
Lnby Load at bus n corresponding to block b of year y (MW).
Lpeakny Peak load at bus n in year y (MW).
NTw/w′ Number of wind turbines of wind farm w/w
′.
Tb Duration of load block b (h).
P
C
g/g′ Capacity of conventional generating unit g/g
′ (MW).
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P
F
nm Capacity of line connecting buses n and m (MW).
P
W
ws Power output of wind farm w in scenario s (MW).
P
W,1
ws Power output of a single turbine of wind farm w in scenario s (MW).
P
W
w′ns Power output of wind farm w
′ in scenario s if placed at bus n (MW).
P
W,1
w′ns Power output of a single turbine within wind farm w
′ in scenario s if located at bus
n (MW).
r Discount rate (%).
V L Value of shed load ($/MWh).
pis Probability of scenario s.
1.3. Variables
LSnsby Amount of load shed from load block b at bus n in scenario s in year y (MW).
ug′/w′ny Binary variable equal to 1 if unit g
′/wind farm w′ is placed at bus n in year y.
PCg/g′sby Dispatch of conventional unit g/g
′ in scenario s and load block b in year y (MW).
PWw/w′sby Dispatch of wind farm w/w
′ in scenario s and load block b in year y (MW).
δnsby Voltage angle at bus n, scenario s, and load block b in year y (rad).
λnsby Locational marginal price at bus n, scenario s, and load block b in year y ($/MWh).
Πsby GENCO’s profit in scenario s and load block b in year y ($).
2. Introduction
The rapid growth of electricity demand in developed countries have turned the genera-
tion and transmission expansion planning into a key component in the long-term operation
of power systems. In a vertically integrated electricity supply industry, both generation
and transmission expansion decisions are centrally undertaken to minimize the total cost,
including investment and operation cost, and/or maximize the reliability and security of
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the network. A review of the main methods for generation and transmission planning is
presented in [1] and [2], respectively. Most of these models are formulated as one-level
optimization problems involving a relatively low computational burden, even if uncertain-
ties pertaining to demand level, wind power production, and equipment availability are
accounted for [3, 4, 5, 6, 7, 8].
On the other hand, since the liberalization of the electricity sector in many countries
around the world, new generation expansion models are required to determine GENCO’s
investment decisions according to profit maximization criteria [9, 10]. In this framework,
GENCOs have to evaluate their expansion decisions according to the profits they make in
the wholesale electricity market, which is cleared by an independent system operator (ISO)
aiming, in turn, at minimizing the generation supply cost to satisfy electricity demand.
Moreover, market outcomes are directly influenced by GENCOs’ expansion decisions. It is
easy to see that this problem falls within the framework of bilevel programming, in which
two decision makers (GENCO and ISO), each with their individual objectives (maximize
GENCO’s profit and minimize system cost, respectively), act and react in a noncooperative
sequential manner [11].
In this line, the bilevel model proposed in [12] calculates the optimal investment decisions
for a producer to maximize its expected profit using a Benders decomposition approach.
Similarly, reference [13] proposes a bilevel model that determines the expansion decisions of
a producer via a conjectured-price response formulation. References [14] and [15] analyze
the generation capacity expansion including renewable energy sources (RES). In [14], RES
incentives such as feed-in tariff and quota obligation systems are considered. The stochastic
bilevel model proposed in [15] aims at identifying the new wind farms to be built to maximize
the wind producer’s profit, while risk considerations to determine expansion planning are
discussed in [9]. Equilibrium models that analyze the generation expansion competitive
behavior among GENCOs are discussed in [16] and [17]. Finally, reference [18] proposes an
iterative algorithm to analyze the coordination transmission and generation expansion made
by the ISO and market agents.
Conversely to models that centrally determine the optimal expansion strategy, previously
mentioned bilevel expansion models for GENCOs participating in electricity markets usually
involve a significantly high computational complexity. In fact, although some of them include
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uncertainties corresponding to rival decisions [13, 17], demand variation [19], or wind power
production [20], all of them disregard, to the best of our knowledge, the effect of equipment
availability and wind correlation.
In this paper, we propose a model to investigate how GENCO’s optimal generation ex-
pansion decisions are influenced by the uncertainty corresponding to equipment failures and
wind power correlation at different geographical locations. The proposed model consists of
a bilevel formulation in which the upper-level problem maximizes the GENCO’s expected
profit including both pool revenue and investment cost. Pool revenue is computed according
to the locational marginal prices (LMP) and dispatched quantities resulting from the lower-
level market-clearing problem which, in turn, aims at minimizing expected operational cost
while ensuring the continuous balance between production and consumption and the fulfill-
ment of the network constraints. Using the primal-dual theory, a single-level mixed-integer
equivalent formulation that can be readily solved by off-the-shelf optimization software is
obtained.
The main contributions of this paper are thus twofold:
1. To investigate the impact of unit and line failures on optimal generation expansion deci-
sions of conventional generating units.
2. To investigate the impact of wind power correlation on optimal generation expansion
decisions of wind farms.
This paper is organized as follows. Section 3 elaborates on the model assumptions. The
bilevel optimization problem and its equivalent MILP formulation are described in Section
4. In Section 5, the results of a 24-bus case study are provided. The main conclusions of this
work are discussed in Section 6. Finally, Appendix A contains linearization technicalities.
3. Model assumptions
Transmission and generation expansion planning can be classified as dynamic or static
according to the treatment of the planning horizon [21]. Dynamic expansion planning in-
cludes several years and investment decisions are sequentially made along the decision hori-
zon. Parameter changes throughout the planning period as well as the use of discount
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rate to compute the net present value of future costs can be readily incorporated in a dy-
namic approach [3, 4, 8, 9, 10, 13, 14, 18, 21]. Dynamic expansion models demand, though, a
high computational effort, thus requiring some simplifications to keep them computationally
tractable [2] or the use of decomposition techniques [9]. Alternatively to dynamic expansion
planning, static models are computationally more manageable because expansion decisions
are determined for a single future target year. One-year static expansion models have been
used for generation [12, 15, 17, 22], transmission [23, 24], as well as combined generation
and transmission planning [6].
In this paper, a multi-year formulation to determine the optimal expansion decisions of
a power producer taking into account the impact of equipment failures and wind correlation
is proposed. In some analysis though, expansion decisions are investigated using a single
target year in order to maintain the computational burden of the model within reasonable
limits.
In order to take advantage of economies of scale, typical constructions of new units are
given in discrete and relatively large amounts. We model this fact by just considering a
finite set of possible new investments and modeling expansion decisions through the binary
variables ug′ny and uw′ny, which are equal to 1 if unit g
′ and wind farm w′, respectively, are
built at bus n in year y, and 0 otherwise. The binary variables uˆg′ny and uˆw′ny are equal
to 1 if unit g′ or wind farm w′ are built at or before year y, and 0 otherwise. P
C
g′ and C
P
g′
represent the capacity and production cost of new conventional units. Likewise, new wind
farms are only characterized by their capacity P
W
w′ , being their marginal cost equal to 0.
The investment cost of new units and wind farms for each year y are denoted by CIg′ny and
CIw′ny, in that order.
Assuming a perfectly competitive market, selling offers submitted by producers exactly
represent their corresponding marginal costs [21]. Moreover, for the sake of simplicity, we
suppose that all the revenues produced by new and old units come solely from the sale of
electrical energy in the wholesale market, then disregarding additional revenues associated
with ancillary services or capacity payments.
Since uncertainty pertaining to demand or bidding strategies are modelled in detail in
the technical literature, and in order to render the subsequent analysis and discussion more
intuitive, the modeling of uncertainties different from equipment availability and wind speed
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have not been considered here. Note, however, that such uncertainties can be easily included
in the proposed model by just increasing the number of scenarios.
Wind speed stochastic behavior is modeled using historical data at different geographical
locations. Once the wind speed scenarios are selected, the power production of a single
wind turbine (P
W,1
ws and P
W,1
w′ns) is computed according to its power curve. Thus, the power
production of existing and new wind farms is determined as
P
W
ws = N
T
wP
W,1
ws ; P
W
w′ns = N
T
w′P
W,1
w′ns. (1)
The availability status of existing/new units and transmission lines are modeled through
parameters kgs, kg′s, and knms, respectively, being equal to 1 if the corresponding device
is available in scenario s, and 0 otherwise. In order to keep the model computationally
tractable, only single-element contingencies are considered [21, 25]. As an example, the
probability that unit g1 fails is determined as
FORg1 ·
∏
g 6=g1
(1− FORg) ·
∏
g′
(1− FORg′) ·
∏
nm:m∈Ωn
(1− FORnm) (2)
where FORg/g′/nm represents the probability of having an individual unexpected failure of
device g/g′/nm. Since not all the possible contingencies are considered, the probability
calculated in (2) has to be normalized. Note, however, that including multi-device failure
scenarios in the analysis is straightforward. For simplicity, unexpected failures of wind farms
are not considered in this analysis.
The lower-level optimization problem consists of an hourly market-clearing algorithm
that minimizes the operational cost including DC power flow equations as well as maximum
capacity constraints for both generating units and transmission lines. The system reliability
cost is modeled through the value of shed load V L. Electricity consumption is considered
to be known, inelastic, and uncorrelated with the wind power production. The hourly load
duration curve is approximated by NB blocks (as depicted in Fig. 1) in order to account for
the load variability throughout each year of the planning horizon [8]. Assuming that the
load is proportionally distributed among all buses, the load at each bus n, block b and year
y is computed as
Lnby = Lb · L
peak
ny , ∀n, ∀b, ∀y, (3)
where Lpeakny is the peak load at each bus of the network in year y.
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Figure 1: Yearly load duration curve approximation
4. Model Formulation
The multi-year bilevel stochastic optimization problem used to determine the impact of
equipment failures and wind correlation on the GENCO’s expansion planning decisions is
presented below.
Maximizeu
g′ny
,u
w′ny∑
y
1
(1 + r)y
(∑
sb
pisTbΠsby −
∑
n
(∑
g′
uˆg′nyC
I
g′ny +
∑
w′
uˆw′nyC
I
w′ny
))
(4a)
subject to
∑
ny
ug′ny ≤ 1, ∀g
′ (4b)
∑
ny
uw′ny ≤ 1, ∀w
′ (4c)
uˆg′ny =
∑
y′≤y
ug′ny′ , ∀g
′, ∀n, ∀y (4d)
uˆw′ny =
∑
y′≤y
uw′ny′ , ∀w
′, ∀n, ∀y (4e)
Πsby =
∑
g∈Φ
(λnsby:g∈Ψn − C
P
g )P
C
gsby +
∑
w∈Γ
λnsby:w∈ΘnP
W
wsby+
+
∑
g′n
(uˆg′nyλnsby − C
P
g′)P
C
g′sby +
∑
w′n
uˆw′nyλnsbyP
W
w′sby, ∀s, ∀b, ∀y (4f)
(PCg/g′sby, P
W
w/w′sby, λnsby) ∈ arg
{
Min
∑
g
CPg P
C
gsby +
∑
g′
CPg′P
C
g′sby +
∑
n
V LLSnsby (4g)
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subject to
0 ≤ PCgsby ≤ kgsP
C
g : φ
min
gsby, φ
max
gsby , ∀g (4h)
0 ≤ PCg′sby ≤ kg′s
∑
n
uˆg′nyP
C
g′ : φ
min
g′sby, φ
max
g′sby, ∀g
′ (4i)
0 ≤ LSnsby ≤ Lnby : β
min
nsby, β
max
nsby , ∀n (4j)
0 ≤ PWwsby ≤ P
W
ws : γ
min
wsby, γ
max
wsby, ∀w (4k)
0 ≤ PWw′sby ≤
∑
n
uˆw′nyP
W
w′ns : γ
min
w′sby, γ
max
w′sby, ∀w
′ (4l)
∑
g∈Ψn
PCgsby +
∑
g′
uˆg′nyP
C
g′sby +
∑
w∈Θn
PWwsby +
∑
w′
uˆw′nyP
W
w′sby =
= Lnby − L
S
nsby +
∑
m∈Ωn
Bnmknms(δnsby − δmsby) : λnsby, ∀n (4m)
Bnmknms(δnsby − δmsby) ≤ knmsP
F
nm : θ
max
nmsby, ∀n,m (4n)
δn1sby = 0 : ξn1sby
}
, ∀s, ∀b, ∀y. (4o)
Model (4a)–(4o) is a bilevel optimization problem. The upper-level objective function
(4a) aims at maximizing the discounted GENCO’s expected profit throughout a multi-year
planning horizon subject to a set of lower-level optimization problems, (4g)–(4o), represent-
ing an hourly pool-based market clearing, one for each scenario s, load block b and year y.
Objective function (4a) includes the sum of the discounted profit from selling electricity in
the pool (first term) and the investment cost of new units and wind farms (second term).
Equations (4b) and (4c) impose that each unit and wind farm can be either placed at one
single bus in a specific year or not built at all. Equations (4d) and (4e) ensure that uˆg′ny
and uˆw′ny are equal to 1 if a new unit or wind farm is built at of before year y, respectively.
Equation (4f) computes the pool profit for each scenario s load block b and year y as the
sum of the profit corresponding to existing units (first term), existing wind farms (second
term), new units (third term), and new wind farms (fourth term).
The lower-level objective function (4g) minimizes the system cost for each scenario s,
load block b and year y. Constraints (4h) and (4i) limit the output of each unit. Constraints
(4j), (4k) and (4l) limit, respectively, the load shedding at each bus and the wind dispatch
of existing and new wind farms. Constraint (4m) is the power balance equation at each
9
bus. Equation (4n) imposes the maximum power flow through the lines. Equation (4o)
arbitrarily sets the value of angle δn1 to 0. Note that dual variables corresponding to the
constraints of the lower-level problems are included after a colon.
Note that although not considered here for the sake of simplicity, the multi-year formula-
tion (4a)–(4o) can also be modified to incorporate additional features such as constructions
times of the generating units or risk measures.
To solve the bilevel optimization problem (4a)–(4o) we replace each lower-level problem
by its corresponding primal and dual constraints plus the strong duality theorem [24, 26].
Maximizeu
g′ny
,u
w′ny∑
y
1
(1 + r)y
(∑
sb
pisTbΠsby −
∑
n
(∑
g′
uˆg′nyC
I
g′ny +
∑
w′
uˆw′nyC
I
w′ny
))
(5a)
subject to
(4b)− (4f)
(4h)− (4o)
λnsby:g∈Ψn + φ
max
gsby + φ
min
gsby = C
P
g , ∀g, ∀s, ∀b, ∀y (5b)∑
n
uˆg′nyλnsby + φ
max
g′sby + φ
min
g′sby = C
P
g′ , ∀g
′, ∀s, ∀b, ∀y (5c)
λnsby + β
max
nsby + β
min
nsby = V
L, ∀n, ∀s, ∀b, ∀y (5d)
− λnsby:w∈Θn + γ
max
wsby + γ
min
wsby = 0, ∀w, ∀s, ∀b, ∀y (5e)
−
∑
n
uˆw′nyλnsby + γ
max
w′sby + γ
min
w′sby = 0, ∀w
′, ∀s, ∀b, ∀y (5f)
∑
m∈Ωn
Bnm(λmsby − λnsby + θ
max
nmsby − θ
max
mnsby) + ξn1sby = 0, ∀n, ∀s, ∀b, ∀y (5g)
φmaxgsby , φ
max
g′sby, β
max
nsby , θ
max
mnsby, γ
max
wsby, γ
max
w′sby ≤ 0 (5h)
φmingsby, φ
min
g′sby, β
min
nsby, γ
min
wsby, γ
min
w′sby ≥ 0 (5i)∑
g
CPg P
C
gsby +
∑
g′
CPg′P
C
g′sby +
∑
n
V LLSnsby =
∑
g
φmaxgsbykgsP
C
g +
+
∑
g′n
φmaxg′sbyuˆg′nykg′sP
C
g′ +
∑
n
βmaxnsbyLnby +
∑
w
γmaxwsbyP
W
ws+
+
∑
w′n
γmaxw′sbyuˆw′nyP
W
w′ns +
∑
n,m∈Ωn
knmsP
F
nmθ
max
nmsby +
∑
n
λnsbyLnby, ∀s, ∀b, ∀y. (5j)
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Equations (4b)–(4f) are the constraints corresponding to the upper-level problem. Equa-
tions (4h)–(4o) represent the primal constraints of the lower-level problem. Likewise, equa-
tions (5b)–(5i) correspond to the constraints of the dual formulation of the lower-level prob-
lem. Finally, constraints (5j) ensure that the primal and dual formulation of the lower-level
problems reach the same objective function at the optimal solution. The formulation above
contains several non-linear terms:
1. Product of binary variables and continuous variables: uˆg′nyλnsby in equation (5c), uˆg′nyP
C
g′sby
and uˆw′nyP
W
w′sby in equation (4m), uˆw′nyλnsby in equation (5f), and uˆg′nyφ
max
g′sby and uˆw′nyγ
max
nsby
in equation (5j). Note that these expressions can be linearized as explained in Appendix A
[27].
2. Product of two continuous variables: λnsby:g∈ΨnP
C
gsby, λnsby:w∈ΘnP
W
wsby, uˆg′nyλnsby P
C
g′sby and
uˆw′nyλnsbyP
W
w′sby, all of them in equation (4f). The procedure to linearize these terms using
KKT conditions is explained in Appendix A.
In doing so, optimization model (5a)–(5j) can be equivalently formulated as a mixed-
integer linear optimization problem that can be solved using commercial software.
5. Case study
In this section, we use formulation (5a)–(5j) to determine the optimal generation ex-
pansion decisions of a power producer considering both a single target year and a planning
horizon of three years.
5.1. Data
The IEEE RTS 24-bus system is analyzed in this section [28]. The data corresponding
to already existing units and transmission lines are provided in Table 1 and Table 2, re-
spectively. Table 3 provides the peak load at each bus. The total system load throughout
one year is approximated by the 20 blocks provided in Table 4. It is worth mentioning that
under any single-device failure scenario, no load shedding occurs in the system, i.e., the
power system satisfies the N-1 reliability criterion.
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Table 1: Generating unit data
n #units P
C
g C
P
g FORg n #units P
C
g C
P
g FORg
n1 2 20 43.5 10 n15 1 155 11.5 4
n1 2 76 14.4 2 n16 1 155 11.5 4
n2 2 20 43.5 10 n18 1 400 6.0 12
n2 2 76 14.4 2 n21 1 400 6.0 12
n7 3 100 23.0 4 n22 6 50 0.0 1
n13 3 197 22.1 5 n23 2 155 11.5 4
n15 5 12 27.6 2 n23 1 350 11.4 8
Table 2: Network data
nm Bnm P
F
nm nm Bnm P
F
nm nm Bnm P
F
nm nm Bnm P
F
nm
n1n2 68.5 50 n6n10 15.6 150 n11n14 23.5 200 n16n17 38.0 200
n1n3 4.4 75 n7n8 15.3 200 n12n13 20.5 225 n16n19 42.7 300
n1n5 11.0 100 n8n9 5.7 100 n13n23 10.2 200 n17n18 69.9 125
n2n4 7.4 75 n8n10 5.7 100 n13n23 11.3 125 n17n22 9.4 75
n2n6 4.9 150 n9n11 11.9 150 n14n16 16.8 250 n18n21 75.8 275
n3n9 7.9 125 n9n12 11.9 175 n15n16 58.1 200 n19n20 49.3 275
n3n24 11.9 175 n10n11 11.9 200 n15n21 40.2 275 n20n23 89.3 400
n4n9 9.0 75 n10n12 11.9 225 n15n24 18.9 175 n21n22 14.5 75
n5n10 10.6 75 n11n13 20.5 325
5.2. Impact of unit and line failures on capacity expansion
The impact of unit and line failures on the expansion of conventional units is analyzed
and discussed next. For simplicity, no wind farms are included in the network. Unavail-
ability rates of generating units are provided in Table 1, while the unavailability rate of all
transmission lines is considered equal to 2%. Assuming that new units can be built at any
bus of the transmission grid, the effect of failures on GENCO’s profit is computed as follows:
1. Optimization problem (5a)–(5j) is solved considering that all units and lines are avail-
able, denoting the locations of the new units as BNF.
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Table 3: Peak load data
n n1 n2 n3 n4 n5 n6 n7 n8 n9 n10 n13 n14 n15 n16 n18 n19 n20
Lpeakn 108 97 180 74 71 137 125 171 174 194 265 194 316 100 334 182 128
Table 4: Load blocks
b b1 b2 b3 b4 b5 b6 b7 b8 b9 b10
Lb 0.47 0.49 0.52 0.55 0.58 0.61 0.63 0.66 0.69 0.72
Tb 52 291 287 570 647 511 379 530 708 543
b b11 b12 b13 b14 b15 b16 b17 b18 b19 b20
Lb 0.75 0.77 0.80 0.83 0.86 0.89 0.92 0.94 0.97 1.00
Tb 196 147 183 258 485 751 760 823 456 183
2. GENCO’s expected profit if expansion decisions are made without considering failures,
Π
NF
, is determined by solving (5a)–(5j) with the complete availability scenario set and
the new unit locations fixed to BNF.
3. Optimization problem (5a)–(5j) is solved again including all the availability scenarios.
The optimal location and expected profit are denoted by BF and Π
F
, respectively.
4. The impact of failures on expansion decisions is measured through the difference be-
tween Π
NF
and Π
F
, which is denoted as ∆Π.
The above procedure is carried out to determine the impact of equipment failures on the
expansion decisions of a GENCO that can decide on the installation of four generating units
of 50 MW each and the same marginal cost CPg′ . Table 5 presents the results for different
values of the marginal cost CPg′ considering a single target year. For simplicity, the expected
profit (expressed in $million) is computed assuming that the GENCO only owns the new
unit and the annualized investment cost is proportional to its capacity ($400/kW to be paid
in 40 years) and independent of its location. New generating units can be installed in buses
n1, n2 and n7.
Note that in spite of the low outage rates of generating units and transmission lines, the
expected profit of a GENCO deciding the optimal location of a generating units of 50MW
with a marginal cost of 18$/MWh increases 53% if unexpected failures are considered in
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Table 5: Impact of failures on expansion planning (case study)
CPg′ B
NF Π
NF
BF Π
F
∆Π
15 n2, n2, n7, n7 3.93 n1, n7, n7, n7 4.42 12.3%
16 n1, n2, n7 2.61 n1, n7, n7, n7 3.04 16.5%
17 n2, n7 1.72 n2, n7 1.72 0%
18 n7 0.63 n1, n7 0.97 53.1%
19 n7 0.31 n1, n7 0.43 38.2%
20 n7 0.10 n2 0.27 159.6%
21 − − n2 0.19 −
22 − − n2 0.11 −
23 − − n1 0.04 −
24 − − n2 0.01 −
the generation expansion problem. Furthermore, observe that the modeling of equipment
failures makes profitable the installation of generating units with a marginal cost between
21$/MWh and 24$/MWh.
To conclude this analysis, optimization problem (5a)–(5j) is also solved considering a
planning horizon of 3 years. The system demand is assumed to increase 5% every year,
and the interest rate is equal to 3%. Table 6 provides the optimal investment decisions
throughout the planning horizon of two units of 100 MW with a marginal cost of CPg′ . The
last column of the table provides the relative increase of the producer’s profit if equipment
failures are accounted for. These results show that considering equipment failures does not
only affect the sizing and location of expansion decisions, but also their timing. Observe
that as in the target year case discussed in this section, the increase of the GENCO’s profit
is also significant, reaching 65% for a marginal cost of 19$/MWh.
5.3. Impact of wind speed correlation on expansion planning
We analyze below the influence of wind speed correlation on the optimal location of
new wind farms owned by a GENCO. For the sake of simplicity, equipment failures are
not accounted for and just a target year is considered. An existing wind farm of 100MW
is located at bus n5. Moreover, new wind farms can only be located at certain nodes
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Table 6: Impact of failures on expansion planning (3-year case study)
CPg′ B
NF Π
NF
BF Π
F
∆Π
y1 y2 y3 y1 y2 y3
15 n2, n7 − − 49.97 n1, n7 − − 53.20 6.5%
16 n2, n7 − − 45.64 n1 − − 51.64 13.2%
17 n2, n7 − − 41.32 n1 − − 50.79 22.9%
18 n2, n7 − − 35.65 n1 − − 49.94 40.1%
19 n7 − n1 29.88 n1 − − 49.18 64.6%
20 − n1 n7 40.59 n1 − − 48.50 19.5%
21 − n1 − 46.28 n1 − − 47.84 3.4%
22 − − n1 33.55 n1 − − 47.18 40.6%
23 − − n1 33.25 n1 − − 46.54 40.0%
24 − − n1 33.03 n1 − − 46.12 39.6%
of the network, namely, n1, n2, n7, and n8. Wind speed data of 2006 provided by the
National Renewable Energy Laboratory (NREL) at five different locations is employed in
this analysis. The coordinates of the selected sites are shown in Table 7. These data can be
freely downloaded from [29], and further information on the software employed to simulate
these wind power data can be found in [30]. New wind farms will be comprised of 2.5-MW
wind generators, model Nordex N80/2500 with a hub height of 105m. The power curve of
this turbine model can be found in [31].
Table 7: Site coordinates for wind data
n Coordinates n Coordinates
n1 42
◦21’ N, 95◦45’ W n7 42
◦26’ N, 95◦04’ W
n2 42
◦21’ N, 95◦20’ W n8 43
◦20’ N, 95◦18’ W
n5 43
◦15’ N, 95◦21’ W
A representative set of 200 wind speed scenarios is used to characterize the correlated
wind speed at buses n1, n2, n5, n7 and n8 , being the correlation coefficients those pro-
vided in Table 8. On the other hand, to isolate the effect of wind correlation on expansion
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decisions, the marginal distribution of the wind speed at each site should be maintained.
For this reason, an uncorrelated scenario set is generated by simply repeating the values of
the correlated one as if they were randomly generated, thereby obtaining almost negligible
correlation coefficients [32]. Similarly to the previous section, the impact of wind correlation
on expansion outcomes is determined as follows:
1. Model (5a)–(5j) is solved for the uncorrelated scenario set, denoting the wind farm
location as BNC.
2. The expected profit if decisions are made disregarding wind speed correlation, Π
NC
, is
computed by solving (5a)–(5j) for the correlated scenario set and fixing the wind farm
allocation to BNC.
3. The optimal wind farm expansion planning, BC, and GENCO’s expected profit, Π
C
,
is calculated by solving model (5a)–(5j) for the correlated scenario set.
4. ∆Π, defined as the difference between the profits obtained in 2) and 3), evaluates the
impact of wind correlation on expansion decisions.
Table 8: Wind speed correlation parameters
n,m n1, n2n1, n5n1, n7n1, n8n2, n5n2, n7n2, n8n5, n7n5, n8n7, n8
ρnm 0.94 0.80 0.86 0.81 0.84 0.92 0.84 0.83 0.98 0.83
Table 9 includes the results regarding the optimal location of two wind farms of NTw′
wind turbines each. The investment cost of each wind farm is assumed to be proportional
to its capacity with a rate of $1000/kW and independent of its location, being the payback
period equal to 40 years. Profits and investment costs are expressed in $million. The total
system load for the target year is approximated by the 20 blocks provided in Table 4.
Note that if wind speed correlation is neglected, wind farms are located at buses n7 and
n8 with comparatively higher LPMs. However, the high wind speed correlation at these two
locations (ρn7n8 = 0.83) and the relatively low capacity of the line connecting these two buses
(P
F
n7n8
= 200 MW) contributes to high levels of wind spillage for high wind speed scenarios.
Consequently, if wind speed correlation is taken into account, this strategy is avoided to
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Table 9: Impact of wind correlation on expansion planning (case study)
NTw′ C
I
w′n B
NC Π
NC
BC Π
C
∆Π
100 12.50 n7, n8 7.92 n2, n8 9.21 16.3%
110 13.75 n7, n8 5.80 n2, n8 9.06 56.2%
120 15.00 n7, n8 4.07 n2, n8 8.93 119.5%
130 16.25 n2, n8 8.87 n8 9.29 4.7%
reduce wind spillage and increase the profit. Observe that, in some cases, the impact of
wind correlation to determine the optimal location of wind farms is of such relevance that
GENCO’s profit can be increased by 119%.
5.4. Computational performance
The simulations presented in this paper are solved using CPLEX 12.3.0 under GAMS
on a Linux-based server with eight processors clocking at 1.8 GHz and 20 GB of RAM. The
duality gap is set to 0% in all cases. The approximated computational times required to
solve optimization model (5a)–(5j) for the cases presented in sections 5.2 and 5.3 are 5-6h
and 14-18h, respectively. Note that these computational times can be significantly reduced
by applying scenario reduction techniques or dedicated computational techniques such as
decomposition and parallel optimization. However, these issues are out of the scope of this
paper and further research is required in this regard.
6. Conclusions
Driven by the fact that current generation expansion models for GENCOs do not take
into account some uncertainties affecting the profitability of an investment, we propose in
this paper a bi-level stochastic optimization model to quantify the impact of both equipment
failures and wind power production correlation on the expected profit of a GENCO. The
proposed model accounts for the variability of the demand throughout the planning horizon,
as well as the uncertainty related to both wind speed and unexpected failures of units
and transmission lines. Wind speed correlation among different geographical locations is
also considered. The use of the primal-dual theory allow us to formulate a single-level
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mixed-integer equivalent formulation that can be readily solved by off-the-shelf optimization
software.
Results provided by the 24-bus case study allows us to identify those cases in which
generating expansion decisions can be significantly affected by both equipment failures and
wind power correlation, both for a single target year and for the multi-year case. If unit
and line failures are modeled, GENCO’s expected profit may increase up to 156%. Likewise,
a expected profit increase of 119% may be incurred if wind speed correlation is taken into
account to determine optimal expansion decisions.
As future research, the proposed model can be solved using a larger test system in
order to investigate its scalability features. In this line, the use of dedicated computational
methods such as parallel computation or decomposition techniques need to be evaluated.
Furthermore, the comparison between the impact of long-term uncertainties such as demand
growth or investment costs and the impact of usually disregarded short-term factors such
as equipment failures or wind correlation on expansion decisions is also ground for further
investigation. Finally, the proposed generation expansion model could be extended so as to
incorporate risk measures that allow the power producer to hedge against long-term risks.
Appendix A. Linearization
- Linearization of λnsby:g∈ΨnP
C
gsby:
The partial derivative of the Lagrangian function of the lower-level problem with respect
to PCgsby is equal to 0, i.e.,
∂L
∂PCgsby
= 0⇒ λnsby:g∈Ψn = C
P
g − φ
min
gsby − φ
max
gsby . (A.1)
The two complementarity conditions corresponding to (4h) are
φmingsbyP
C
gsby = 0 (A.2a)
(PCgsby − kgsP
C
g )φ
max
gsby = 0. (A.2b)
Multiplying (A.1) times PCgsby and using (A.2a) and (A.2b), we obtain
λnsby:g∈ΨnP
C
gsby = C
P
g P
C
gsby − kgsφ
max
gsbyP
C
g , (A.3)
which is a linear term.
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- Linearization of λnsby:w∈ΘnP
W
wsby:
The partial derivative of the Lagrangian with respect to PWwsby is equal to 0, i.e.,
∂L
∂PWwsby
= 0⇒ −λnsby:w∈Θn + γ
max
wsby + γ
min
wsby = 0. (A.4)
The complementarity conditions corresponding to (4k) are
PWwsbyγ
min
wsby = 0 (A.5a)
(PWwsby − P
W
ws)γ
max
wsby = 0. (A.5b)
Multiplying (A.4) times PWwsby and using (A.5a) and (A.5b), we have
λnsby:w∈ΘnP
W
wsby = γ
max
wsbyP
W
ws. (A.6)
- Linearization of uˆg′nyλnsbyP
C
g′sby:
Similarly,
∂L
∂PCg′sby
= 0⇒ −Cg′ +
∑
n
uˆg′nyλnsb = φ
min
g′sby − φ
max
g′sby. (A.7)
The complementarity conditions corresponding to (4i) are
φming′sbyP
C
g′sby = 0 (A.8a)
(PCg′sby − kg′s
∑
n
uˆg′nyP
C
g′)φ
max
g′sby = 0. (A.8b)
Multiplying (A.7) times PCg′sby and using (A.8a) and (A.8b), we arrive at∑
n
(ug′nyλnsby − C
P
g′ )P
C
g′sby = −
∑
n
kg′suˆg′nyP
C
g′φ
max
g′sby. (A.9)
- Linearization of uˆw′nyλnsbyP
W
w′sby:
The partial derivative of the Lagrangian with respect to PWw′sby is expressed as
∂L
∂PWw′sby
= 0⇒
∑
n
uˆw′nyλnsb + γ
max
w′sby − γ
min
w′sby = 0. (A.10)
The complementarity conditions corresponding to (4l) are
PWw′sbyγ
min
w′sby = 0 (A.11a)
(PWw′sby −
∑
n
uˆw′nyP
W
w′ns)γ
max
w′sby = 0. (A.11b)
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Multiplying (A.10) times PWw′sby and using (A.11a) and (A.11b), we obtain
∑
n
uˆw′nyλnsbyP
W
w′sby = −
∑
n
uˆw′nyγ
max
w′sbyP
W
w′sby. (A.12)
- Linearization of the product of binary and continuous variables:
Let χ be a binary variable and p a continuous one bounded by pmin and pmax. Then, the
product z = χ · p is equivalent to the following set of mixed-integer linear expressions:
z = p− r (A.13a)
χ · pmin ≤ z ≤ χ · pmax (A.13b)
(1− χ)pmin ≤ r ≤ (1− χ)pmax, (A.13c)
where r is an auxiliary continuous variable.
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